The installation of forward proton detectors at the LHC will provide the possibility to perform high-precision measurements, opening a novel window on physics beyond the Standard Model. We review recent simulations and theoretical developments about the measurement of anomalous light-by-light scattering. The search for this process will provide bounds on a wide range of new particles. Future perspectives for precision QED at the LHC are also briefly discussed.
Effective Lagrangian and precision physics
Several major facts like the gauge-hierarchy problem or the observation of dark matter suggest that a new physics beyond the Standard Model of particles (SM) should emerge at a mass scale close from the electroweak scale. However, after the first LHC run, a certain amount of popular models has been ruled out or they are cornered in fine-tuned regions of their parameter space. While the next LHC run is coming, it is more than ever important to be prepared to search for any kind of new physics in the most possible robust ways.
In a scenario of new physics out of reach from direct observation at the LHC, one may expect that the first manifestations show up in precision measurements of the SM properties. Assuming that the new physics scale Λ is higher than the typical LHC energy reach E LHC , the correlation functions of the SM fields can be expanded with respect to E LHC /Λ. At the Lagrangian level, this generates a series of local operators of higher dimension, which describe all the manifestations of new physics observable at low-energy. This low-energy effective Lagrangian reads
(1.1)
The coefficients α (n) i are roughly O(1) if generated at tree-level or O(1/16π 2 ) if generated at one-loop level.
The effective Lagrangian is somehow the natural companion of precision physics. In all generality, the goal of SM precision physics is to get information on the coefficients α (n) i and the new physics scale Λ. For a given set of data, bounds on α (n) i can be obtained if one fixes Λ. However, it is also obviously interesting to draw bounds on Λ itself. In order to get meaningful bounds on Λ, a statistical subtlety has to be taken into account (see [1] ), that conceptually boils down to require new physics to be testable.
Among the various sectors of the SM that can be probed at the LHC, the pure YangMills sector describes triple and quartic gauge boson interactions, that are all fixed by gauge symmetry. Among these interactions, the self-interactions of neutral gauge bosons are particularly appealing. Indeed, these interactions are generated only at loop-level in the SM, such that the SM irreducible background is small. Neutral gauge-bosons selfinteractions should be thus considered as smoking-gun observables for new physics.
For Λ > E LHC , neutral gauge-boson interactions beyond the SM are described by dimension-8 operators with two kinds of structure, (DH)(DH) † V V /Λ 4 and V V V V /Λ 4 . Schematically, the former is expected to dominate for energies lower than the electroweak scale, while the later is expected to dominate for energies higher than the EW scale. The second kind, i.e. pure-gauge operators, are thus fully relevant for the LHC, and should be the dominant ones at a future collider with higher energy reach.
Four-photon interactions are described by two pure-gauge operators,
The effect of any object beyond the SM can be parametrized in terms of the ζ 1 , ζ 2 parameters, as well as any experimental search results. 
Precision physics with intact protons
New possibilities for precision measurements will be opened with the installation of the new forward detectors, which is scheduled at both ATLAS (ATLAS Forward Proton detector [2] ) and CMS (CT-PPS detector [3] ). The purpose of these detectors is to measure intact protons arising from diffractive processes at small angle. They will be built at ∼ 200 m on both sides of CMS and ATLAS. The detectors should host tracking stations, as well as timing detectors (see Fig. 1 ). The proton taggers are expected to determine the fractional proton momentum loss ξ in the range 0.015 < ξ < 0.15 with a relative resolution of 2%. In addition, the time-of-flight of the protons can be measured within 10 ps, which translates into ∼ 2 mm resolution on the determination of the interaction point along the beam axis z.
The crucial feature of the forward detectors is that they provide the complete kinematics of the event, which in turn can be used to drastically reduce the backgrounds. This setup constitutes an excellent method to look for the effective operators describing physics beyond the SM. Proton scattering processes with intermediate photons are the mostly studied ones, because the equivalent photon approximation is well understood. In principle, at the LHC energies, intermediate W , Z bosons could also happen, however a precise estimation of the fluxes is needed.
Forward proton detectors open thus a new window on physics beyond the SM. They provide a clean environment to search for the effective operators describing physics beyond the SM. For example, operators like |H| 2 V µν V µν /Λ 2 induce anomalous single or double Higgs production (for the MSSM case, see [4, 5] ). The flavour-changing dipole operators likeqσ µν tV µν /Λ 2 induce single top plus one jet production (see [6] ). Finally, the fourphoton operators of Eq. 1.2 induce light-by-light scattering. This last process is pictured in Fig. 2 . Studies using proton-tagging at the LHC for new physics searches can be found in [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . 3 Light-by-light scattering at the LHC Given the promising possibilities of forward detectors, a realistic simulation of the search for anomalous γγ → γγ at the 14 TeV LHC has been carried out in [20] . The search for light-by-light scattering at the LHC without proton tagging has been first thoroughly analyzed in [21] . Let us review the setup, the backgrounds, the event selection, and the sensitivity to the ζ 1,2 anomalous couplings expected at the 14 TeV LHC. The Forward Physics Monte Carlo generator (FPMC, [22] ) is designed to produce within a same framework the double pomeron exchange (DPE), single diffractive, exclusive diffractive and photon-induced processes. The emission of photons by protons is correctly described by the Budnev flux [23, 24] , which takes into account the proton electromagnetic structure. The SM γγ → γγ process induced by loops of SM fermions and W , the exact contributions from new particles with arbitrary charge and mass, and the anomalous vertices described by the effective operators Eq. (1.2) have been implemented into FPMC.
The backgrounds are divided into three classes. Exclusive processes with two intact photons and a pair of photon candidates include the SM light-by-light scattering, γγ → e + e − and the central-exclusive production of two photons via two-gluon exchange, simulated using ExHume [25] . Processes involving DPE can result in protons accompanied by two jets, two photons and a Higgs boson that decay into two photons. Finally, one can have gluon or quark-initiated production of two photons, two jets or two electrons (Drell-Yan) with intact protons arising from pile-up interactions.
The knowledge of the full event kinematics is a powerful constraint to reject the background from pile-up. The crucial cuts consist in matching the missing momentum (rapidity difference) of the di-proton system with the invariant mass (rapidity difference) of the diphoton system, which is measured in the central detector. Extra cuts rely on the event topology, using the fact that the photons are emitted back-to-back with similar p T . Further background reduction could even possible by measuring the protons time-of-flight, which provides a complete reconstruction of the primary vertex with a typical precision of 1mm. Table 1 . 5 σ discovery and 95% CL exclusion limits on ζ 1 and ζ 2 couplings in GeV −4 (see Eq. 1.2). All sensitivities are given for 300 fb −1 and µ = 50 pile-up events (medium luminosity LHC) except for the numbers of the last column which are given for 3000 fb −1 and µ = 200 pile-up events (high luminosity LHC).
The estimation of the LHC sensitivities to effective four-photon couplings ζ i provided by measuring light-by-light scattering with proton tagging is performed in [14, 20] . These sensitivities are given in Table 1 for different scenarios corresponding to the medium luminosity at the LHC (300 fb −1 ) and the high luminosity (3000 fb −1 in ATLAS). The 5σ discovery potential as well as the 95% CL limits with a pile-up of 50 are given.
It turns out that the selection efficiency is sufficiently good so that the background amplitudes are negligible with respect to the anomalous γγ → γγ signal. A handful of events is therefore enough to reach a high significance. In that regime, the signalbackground interference can be neglected, and the unpolarized differential cross-section in presence of effective operators takes a simple form
where s, t are the usual Mandelstam variables. The obvious inconvenience of the EFT approach is that it is valid only in the high mass region, m E. In order to use the EFT result down to m ∼ E, it is common to introduce ad-hoc form factors which mimics the behaviour of the -unknown -amplitudes near the threshold. Clearly, this method introduces arbitrariness into the results. Not only do the results depend on the functional form of the form factor, but also on the energy scale at which they are introduced.
Sensitivity to generic charged particles
What about actual new physics candidates ? The perturbative contributions to anomalous gauge couplings appear at one-loop and can be parametrized in terms of the mass and quantum numbers of the new particle [13] . In the case of four-photon interactions, only electric charge matters. New particles with exotic electric charges can for example appear in composite Higgs model [26] or in warped extra-dimension models with custodial symmetry [27] . The new particles have in general a multiplicity with respect to electromagnetism. For instance, the multiplicity is three if the particles are colored. It is convenient to take into account this multiplicity by defining
where the trace goes over all particles with the same approximate mass. In the case of new electrically charged particles with arbitrary spin S, the coefficients read The contributions from the scalar are smaller by one order of magnitude with respect to the fermion and vector. It can easily be checked that in the case of fermions L 4γ reduces to the famous Euler-Heisenberg Lagrangian [28] . 1 . The effective field theory analysis has the advantage of being very simple. However it is only valid as long as the center-of-mass energy is small with respect to the threshold of pair-production of real particles, s 4m 2 . Since the maximum proton missing mass (corresponding to the di-photon invariant mass in our case) is of the order of ∼ 2 TeV at the 14 TeV LHC, for particles lighter than ∼ 1 TeV the effective field theory computation needs to be corrected. This can be done by using ad-hoc form factors, as often done in the literature. The more correct approach is to take into account the full momentum dependence of the four-photon amplitudes. The SM loops have been computed in Refs. [31] [32] [33] [34] and are collected in Ref. [20] . At LHC energies, the W loop dominates over all fermion loops including the top because it grows logarithmically.
The results of the simulation with full amplitudes are given in Tab. 2 and Fig. 3 where are displayed the 5σ discovery, 3σ evidence and 95% C.L. limit for fermions and vectors for a luminosity of 300 fb −1 and a pile-up of 50. It is found that a vector (fermion) with Q eff = 4, can be discovered up to mass m = 700 GeV (370 GeV). At high mass, the exclusion bounds follow isolines Q ∝ m, as dictated by the EFT couplings Eq. 4.2. Extrapolating the same analysis to a higher luminosity of 3000 fb −1 for a pile-up of 200 leads to a slighlty improved sensitivity of m = 740 GeV (410 GeV) for vectors (fermions). One may notice that some searches for vector-like quarks, as motivated from e.g. Composite Higgs models, already lead to stronger bounds than the ones projected here. For instance, vector-like top partners arising from the (2, 2) (corresponding to Q eff ≈ 2.2) of mass m = 500 GeV would be excluded from present LHC data, while they would be out of reach using light-by-light scattering. On the other hand, the light-by-light scattering results are completely model-independent. They apply just as well to different effective charges, are independent of the amount of mixing with the SM quarks, and even apply to vector-like leptons! Four-photon amplitudes also contribute to the magnetic dipole moment of the muon a µ via two and three-loop diagrams. An estimating of these loop contributions shows that with an experimental bound on a µ ∼ 6 · 10 −10 , the sensitivity of this measurement is m/Q eff ∼ 5 GeV. Comparing this estimate to the projections from Mass (GeV) 300 600 900 1200 1500
Q eff (fermion) 3.6 5.7 8.6 -- Table 2 . 5 σ discovery limits on the effective charge of new generic charged fermions and vectors for various masses scenarios and full integrated luminosity at the medium-luminosity LHC (300 fb
that, despite its impressive accuracy, the g − 2 measurement is not competitive with the light-by-light scattering measurement.
Sensitivity to neutral particles
Beyond the perturbative contributions from charged particles, non-renormalizable interactions of neutral particles are also present in common extensions of the SM. Such theories can contain scalar, pseudo-scalar and spin-2 resonances, respectively denoted by ϕ,φ and h µν [14] . Independently of the particular new physics model they originate from, their leading couplings to the photon are fixed completely by Lorentz and CP symmetry as
where the f S have mass dimension 2. They then generate 4γ couplings by tree-level exchange as ζ i = (f S m) −2 d i,s , where
The model independent sensitivities for these three cases are shown in Fig. 4 . It appears that the non-renormalizable contributions from neutral particles are sensibly larger than the charged particles contributions. Light-by-light scattering offers therefore a privileged window on strongly interacting phenomena. Considering actual models, two kind of candidates are known: the Kaluza-Klein (KK) gravitons and the strongly-interacting heavy dilaton (SIHD).
• Kaluza-Klein gravitons: The contribution of the entire tower of KK gravitons of warped extra dimensions is computed in [13] . The strength of warped gravity κ can be taken of order unity. For κ = 2, and using the 5 σ and 95% CL sensitivities for the medium luminosity LHC (see Tab. 1), the effect of the KK resonances can be detected up to mass
These sensitivities are competitive with respect to searches for direct production of KK resonances at the LHC.
• Strongly-interacting dilaton [20] : Extensions of the Standard Model sometimes feature a new strongly-interacting sector. Provided that this sector is conformal in the UV, it is most likely explicitly broken in the IR, at least by the appearance of electroweak scale and QCD confinement. As a result, the spectrum of the strong sector features a neutral scalar, the so-called dilaton, whose mass lies close to the scale of conformal breaking. In the absence of fine-tuning the dilaton's couplings are unsuppressed with respect to this scale. To distinguish it from the weakly coupled (fine-tuned) light ]. The yellow, grey, and red regions can be probed at 5 σ, 3 σ and 95% CL using proton tagging at the LHC, while the white region remains inaccessible. The limits are given for the medium luminosity LHC with all photons (no conversion required) and no form-factor (see Tab. 1). Also shown are contributions from electric particles with spin 1/2 and 1, charge Q eff = 3, mass m = 1 TeV, the contribution from warped KK gravitons with mass m KK = 3 TeV, κ = 2 and brane-localized photon, and the contribution from a strongly-interacting heavy dilaton (SIHD) with mass m ϕ = 3 TeV coupled to a composite photon. dilaton often considered in the literature one refers to it as the Strongly-Interacting Heavy Dilaton. If the photon is at least partially composite, it also couples strongly to the dilaton. Using the 5 σ and 95% CL sensitivities for the medium luminosity LHC, the effect of the SIHD can be detected up to mass m ϕ < 4260 GeV (5 σ) , m ϕ < 4840 GeV (95%CL) .
(5.4)
Summary and perspectives
The installation of forward proton detectors at the LHC will provide a -somewhat surprising -opportunity to measure the scattering of light by light, providing a new window on physics beyond the Standard Model. Recent simulations and theoretical developments show that such precision measurement gives access to a wide range of new particles, both electrically charged and neutral. A summary plot with the expected sensitivity at the 14 TeV LHC as well as new physics candidates is shown in Fig. 5 .
These positive results on precision QED at the LHC open new perspectives, as well as new challenges, from both theoretical and experimental sides. Here is a non-exhaustive list of works in progress and future directions.
• Anomalous three-photon production. The 4γ operators contribute to anomalous→ γγγ production. Contrary to the light-by-light scattering case, one photon is virtual. It is interesting to evaluate the sensitivity provided by this potential measurement.
• Light-by-light scattering in heavy-ions collisions. The photon fluxes from heavy ions are coherent, and therefore enhanced by Z 2 . On the other hand the typical centerof-mass energy of the diphoton system is smaller. It is interesting to evaluate the sensitivity provided by this potential measurement. For an earlier study, see [21] .
• Experimentally disentangling between ζ 1 and ζ 2 . Polarization-based observables could play this role. This would open the possibility of identifying the nature of the new particle producing light-by-light scattering.
• Modelling the W , Z fluxes. At high energy, gauge boson fluxes from electroweak charges inside the nucleons can be expected to be partly coherent. Having a model of these fluxes would certainly be useful to study electroweak ultrapheripheral collisions.
• Light-by-light scattering from higher-spin particles. Extended objects of higher spin do exist in many extensions of the SM. This is potentially the case with the composite states from any strongly coupled sector, and also with the excitations of low-energy strings. The tools necessary to handle quantum computations involving higher-spin particles are under development.
